The object of this paper is the evaluation of the seismic response of reinforced concrete frames designed according to the DDBD (direct displacement-based design) approach. The great part of research works about DDBD has been dedicated to planar frames, but recently also some proposals for 3D structures have been presented, in particular for wall structures. This paper will give a further contribution to the extension of the procedure for the case of plan-asymmetric RC (reinforced concrete) frames. The extended methodology is aimed at accounting for the floor rotations on the basis of a given lateral strength distribution along the plan. The procedure was applied to two plan-asymmetric RC frames, characterized by the same geometry but different lateral strength distributions along the plan. The seismic behavior of the designed frames was studied by adopting a fiber model and by performing pushover and nonlinear dynamic analyses.
Introduction 
In the last years a lot of research has been aimed to mitigate the problems of current force-based design. In particular, several design approaches have been proposed for designing structures in order to achieve a specified deformation state under the design earthquake [1] . These approaches are characterized by the assumption of displacement as fundamental design parameter, and they are known as Displacement-Based Design procedures. When the design method does not require iterations, it is called DDBD (direct displacement-based design). The approach proposed by Priestley [2, 3] is a Direct Displacement-Based procedure characterized by the use of secant stiffness to maximum displacement. The method is based on the characterization of a substitute structure and on the use of highly damped displacement spectra. This approach has then been studied and applied with reference to different structural typologies [4] [5] [6] [7] [8] [9] .
Torsional response of asymmetric structures responding to seismic excitation is complex. Since the response is in general inelastic, it involves both the strength and stiffness eccentricity, as well as the torsional mass inertia. DDBD initially did not include the torsional response. Analytical studies in recent years by Paulay [10] , Castillo [11] and Beyer [12] have enabled some guidelines for the torsional response of inelastic eccentric structures, taking care also with the effective rotational stiffness and the strength eccentricity. The problem of the torsional response has been deepened for cantilever wall buildings. For such buildings the mentioned studies have shown that the torsional inertia plays an important role in modifying the structural response of both unrestrained and restrained systems.
In light of these studies the present paper proposes an extension of the design procedure for the case of plan-asymmetric frame buildings. The proposed procedure requires the assumption of a given lateral DA VID PUBLISHING D Extension of Direct Displacement-Based Design to Plan-Asymmetric RC Frame Buildings 1281 strength distribution along the plan [13] . The goal of the methodology is the correction of the design base shear to account for the effects of the asymmetry: with varying this characteristic, the distribution and the intensity of the total base shear change. The procedure was then applied to reinforced concrete frame structures. In particular two structures characterized by six storeys and different plan-irregularities were analyzed. The differences between these two structures regard the "a priori" assumption of the lateral strength distribution along the plan. In one case the same lateral strength was considered for the plane frames in the transversal direction. In this case a strength eccentricity was obtained due to the asymmetric position of the plane frames. In the other case the lateral strength distribution of the plane frames in the transversal direction was defined in order to obtain zero strength eccentricity.
Nonlinear static and dynamic analyses were then carried out with the purpose to validate the algorithm. The fiber model implemented in the OpenSees software [14, 15] was used for the nonlinear analyses. The time-history analyses were performed considering a group of seven earthquake records consistent with the design spectrum in a range of periods from zero to the corner period, equal about to four seconds.
General Design Procedure
The direct displacement-based design of the structures under study was performed according to the criteria and rules proposed by Priestley et al. [6] with reference to reinforced concrete frame structures. In a first phase, for a given design displacement, the design base shear is derived through the definition of the substitute structure. From strain or drift limits, defined depending on design seismic intensity, it is possible to obtain the design displacement of each storey i ( i ) using the following proposed relationship: (1) where, θ c is the storey drift limit, ω θ is a reduction factor which accounts for higher mode amplification, n is the number of storeys, H i is the height of the storey from the base and H n is the roof height. The design displacement of the substitute structure ( d ) can then be determined from the displacements of the storeys:
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where, m i is the mass of the storey i. Equivalent mass (m e ) and effective height (H e ) of the substitute structure are given by:
The ductility demand of the substitute structure is μ = Δ d /Δ y . The yield displacement Δ y can be calculated once it is known the yield drift θ y as Δ y = θ y H e . It has been shown [6] that yield drift depends mainly on geometry and not on strength. Various expressions have been provided for θ y . In particular, for reinforced concrete frames θ y = 0.5ε y L b /h b , where L b and h b are beam length and depth respectively, and ε y is the yield strength of reinforcement steel. For RC frames the equivalent viscous damping may be evaluated as follows:
where, C 3 is a coefficient dependent on the hysteretic response of the structure. This coefficient can vary from 0.1 to 0.7 according to the behaviour of the different structural types. For reinforced concrete frame buildings C 3 can be assumed equal to 0.565 [6] . The effective period T e at maximum displacement is obtained as a function of design displacement from the displacement spectrum associated with the equivalent viscous damping calculated with Eq. (5). The effective stiffness of the substitute structure and the design base shear of the structure are given by:
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The base shear force is distributed to the floor levels in proportion to the product of mass and displacement. For high-rise frame buildings, 10% of base shear is additionally applied at roof level to reduce higher mode effect:
where, F t = 0.1V B at the roof and F t = 0 at all other levels. The building under these forces is then analyzed using a simplified method based on equilibrium conditions [6] . Flexural capacity of beams is calculated considering design values of material properties larger than characteristic ones according to f' ce = 1.3f' c and f' ye = 1.1f' y . The columns are designed in order not to exceed the elastic limit under seismic action, and hence capacity design criteria have to be applied.
Procedure for Plan-Asymmetric RC Frame Structures
Structures with asymmetry in plan are subjected to torsional rotations as well as translations in seismic response. Paulay [10] has shown that for structures responding inelastically to seismic excitation, it is important not only the centre of mass and the centre of stiffness, but also the centre of strength. The eccentricity of the centre of stiffness (e R ) from the centre of mass and the eccentricity of the centre of strength (e V ) can be found as follows ( 
where, K zi and K xj are element stiffness in the Z and X directions respectively, x i and z j are measured from the centre of mass and V Zi and V Xj are the design base shear strengths for elements in the Z and X directions respectively.
Fig. 1 Example of frame structure asymmetric in plan.
Maximum response displacements of structures with stiffness eccentricity, with or without strength eccentricity, can be calculated as the sum of direct (Δ ZM ) and torsional components of displacements. For response in the Z direction:
In Eq. (11) it was used the strength eccentricity e V and not the stiffness eccentricity e R as in the elastic design. In addition, the twist angle θ to be considered comes from the total building strength in the direction under study, in this case V BZ :
The effective rotational stiffness J R,eff in Eq. (12) could be calculated as follow:
In Eq. (13), the ductile rotational stiffness J R,eff is modified from the elastic rotational stiffness, dividing the frame stiffness in the direction considered by the system ductility μ. The elastic stiffness is used for the elements perpendicular to the direction considered, since only the frames parallel to the direction considered are expected to be subjected to significant ductility demand.
Priestley et al. [6] have presented some suggestions for the design. In particular two criteria could be followed. The first one considers the possibility to eliminate or minimize the problem. For example when the plan layout of the lateral force resisting elements is unsymmetrical, it may be possible to eliminate strength eccentricity, allocating different base shear between the different elements. Note that with this approach there will still be a torsional component of response despite the zero strength eccentricity, due to the possible stiffness eccentricity. A second approach consists of modifying the design displacement in order to account for torsion. In this case the most common design situation will be that design displacements are governed by drift limits. So the code drift limit will be applied to the frame with the greatest displacement including torsional effects and the other elements will have a smaller design displacement.
This paper deepens the aspect of plan-asymmetry for RC frame structures and proposes an iterative procedure in order to account for the eccentricity. The methodology requires the assumption of a given lateral strength distribution along the plan. The steps of the procedure are illustrated in the following:
(1) The first problem is that the total base shear is unknown, so it is impossible to find the twist angle directly. In order to avoid this problem, initially the system ductility μ and the base shear V B of the whole structure in the Z and X directions are derived assuming that the structure is plan-symmetric;
(2) Then, it is possible to obtain the stiffness eccentricity and the strength eccentricity from Eqs. (9) and (10) . Using Eqs. (12) and (13), the twist angle θ and the effective rotational stiffness J R,eff are found from the total building strength in the direction considered (for example V BZ );
(3) The most common design situation will be that design displacements are governed by code drift limits. In these cases the most flexible frame governs the design procedure. The most flexible frame will have the design displacement Δ d (now called Δ i,cr ). Rearranging Eq. (11) allows determining the displacement of the centre of mass Δ' ZM in the first iteration:
The displacements for the other frames will be found using Eq. (11);
(4) At this point it is possible to check if the different frames have yielded, comparing the displacements of the frames with the corresponding yield displacements. If some frames have not yielded, in the subsequent iteration their stiffness will not be reduced considering the system ductility;
(5) From the new value of the displacement of the centre of mass a new system ductility μ' = Δ' ZM /Δ y and a new damping ratio ξ' eq could be found using Eq. (5). Then it is possible to calculate a new damped spectrum and a new value of the effective period T' e as a function of displacement Δ' ZM ;
(6) Using Eq. (7) new values of base shear for the whole structure and for the single frames are obtained. This calculation is performed taking care if the single frames have an elastic or plastic behaviour. If the frames have an elastic behaviour their base shear is recalculated in proportion to the displacement on the basis of the elastic stiffness. Hence the new value of total base shear V' BZ is determined as the sum of the values of base shear of each frame; (7) With this base shear V' BZ it is possible to start a new iteration from step (2) . The iterations continue until convergence is reached, and the variation of base shear between subsequent iterations becomes negligible. At every iteration it is important to check if each frame has yielded and to know which are the values of lateral stiffness to be reduced. In general it is better that in the considered direction all frames have yielded since it means that the structure is torsionally effective.
If the structure is characterized by plan irregularity in one single direction, the procedure is simpler. Firstly, it is possible to find the base shear in the direction characterized by plan regularity. Then, it is possible to perform the design in the other direction. It was verified that the procedure does converge rapidly and the base shear becomes stable after three or four iterations.
The Fig. 2 visualizes the iterative procedure for a case with plan irregularity in one single direction: firstly, the frames in the X direction, that is the direction which does not present irregularity, are designed. Then, the Z direction is studied: assuming initially plan regularity also in this direction, the displacement-based design procedure is applied. Only at this stage a first eccentricity, in terms of strength and stiffness, is calculated. Subsequently, the effective rotational stiffness and the twist angle are calculated. With all these values, it is possible to start with a first iteration which accounts for the different displacements of the three frames. The procedure continues until convergence, which is generally reached after three of four iterations. In each iteration, the determination of the base shear is performed after checking whether the frames have yielded or not.
Structures under Study
The procedure described above was applied to design the structures under study (Fig. 3) , which are RC frame buildings characterized by two spans in the X direction, one span in the Z direction and six storeys.
Two different configurations, characterized by different distributions of the lateral strength of the frames in the Z direction, were studied. In the first one all the three frames are assumed to have the same strength. As a consequence, the strength eccentricity and the stiffness eccentricity are not equal to zero. In the second configuration, instead, the strength distribution is defined in order to have zero strength eccentricity. Because of the same yield displacements of the three frames, in this case also the stiffness eccentricity is equal to zero. The first structure is called EV (equal lateral strengths), the latter DV (different lateral strengths).
Assumed equal to 650 mm. The beams in the Z direction are characterized by a depth equal to 550 mm. Adopted dimensions of columns are: width and depth equal to 400 mm. The three frames in the Z direction are called frame 1, frame 2 and frame 3, as it is shown in Fig. 3 . The buildings are considered to be located in a high seismicity region characterized by a maximum causative earthquake of magnitude M w = 7 at the distance of about 10 km. The design elastic 5% damped displacement spectrum is characterized by a corner period of 4.25 s and a corresponding displacement of 726 mm. A design drift limit equal to 0.025 is assumed to be correlated to the considered seismic intensity level. The EV structure presents a plan irregularity and a strength eccentricity. After the iterative procedure an increase of the total base shear of 27% is obtained (Tables 1 and 2 ). Furthermore, after the iterations the structure becomes more resistant, and consequently less ductile. Due to this increase of strength, the period of the structure reduces by 20% and the effective damping varies from 13.3% to 11.9%. The DV structure, instead, does not show strength eccentricity, nor stiffness eccentricity. So it is not necessary to perform iterations. In this case the total base shear does not increase. 
Nonlinear Model and Performed Analyses
Nonlinear analyses were carried out in order to assess the performance of the structures under study. The OpenSees software [14, 15] was used for the nonlinear analyses. This computer program allows to study the structure with distributed plasticity finite elements characterized by a fibre modelling of the control sections. A bilinear stress-strain relationship with hardening ratio equal to 0.005 was adopted for the steel fibres. A constitutive law which includes the effect of confinement due to stirrup and the stiffness degradation due to cyclic loading was considered for the concrete.
Different types of behaviour were adopted for the cover concrete and the concrete core: in the first case the effect of confinement was neglected, in the second case it was included according to the model proposed by Scott et al. [16] . Gravity loads were applied on the beams in the X direction.
The performance of the structures was evaluated by means of nonlinear static and dynamic analyses. Nonlinear dynamic analyses were performed using a group of seven earthquake records [17] . The considered design spectrum is the one proposed by Faccioli et al. [18] . The average displacement spectrum of the considered ground motions (Fig. 4) is characterized by increasing ordinates up to the corner period of the design spectrum, equal to 4.25 s. All the ground motions were scaled, in order that the average ordinate of their damped displacement spectrum related to the effective period of the examined structure was equal to the corresponding design value. According to this criterion all the records were scaled to a peak ground acceleration PGA = 0.575 g. The ground motions were applied in the Z direction. The damping was introduced in the model for nonlinear dynamic analyses as proportional to the tangent stiffness.
Results of Analyses
Pushover analyses were carried out for every single frame in the Z direction of the EV and DV structures considering lateral forces proportional to the external forces assumed during the design procedure (Eq. (8)). The capacity curves (Fig. 5 ) were determined in order to compare the calculated lateral strength distribution along the plan with the one assumed in the design phase. For the EV structure, the three capacity curves are similar, and the equal distribution of the base shear assumed in the design is respected. For the DV structure the ratios between the lateral strength of the different frames are approximately similar to the design values. This is consistent with the design assumption to have zero strength eccentricity. The design values of the ratio of the strength of the frames 2 and 3 to the strength of the frame 1 are, respectively, By examining the results relative to the EV structure, it is possible to observe a quite good correspondence between the average diagrams of maximum displacements along the height obtained from the analyses and those assumed in the design (Fig. 6) . The displacements obtained with nonlinear dynamic analyses are slightly lower than the design ones.
It is possible to see that for the upper levels the average values from the seismic analyses plus one standard deviation are similar to the design values, in particular for the frame 3, which is located in the flexible side of the structure. At the lower storeys the average values from the seismic analyses are similar to the design values. 
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The results regarding the inter-storey drifts show trends similar to those observed for the diagrams of maximum displacement along the height. It is possible to see that for the frame 3 at the first storey the average values plus one standard deviation are slightly larger than the design drift limit, and they are equal about 3%. The envelope along the plan of the maximum displacements from nonlinear dynamic analyses, normalized to the displacement of the centre of mass, is shown in Fig. 7 for all the floors of the EV structure. It is possible to notice a good correspondence between results from analyses and design, especially in terms of floor rotation.
As observed previously, also in Fig. 7 the average values from seismic analyses for all the frames and for the CM are slightly lower than the design ones, in particular at the upper storeys. This may be related to the slightly larger values of lateral strength obtained for the frames in comparison with the design.
Also for the DV structure, as for the EV one, the average values from seismic analyses of maximum displacements at the roof (Fig. 8 ) are characterized by a quite good correspondence with the design ones. The average values from the analyses plus one standard deviation are similar to the design values.
At the lower storeys the average values from the analyses are more close to the design values and the average values plus one standard deviation are slightly larger. By comparing the top displacements obtained for the two structures, there are not significant differences. For the DV structure, in comparison with the EV one, the top displacement at the centre of mass is similar, at frame 3 is slightly lower and at frame 1 is slightly larger. The results regarding the inter-storey drifts of the DV structure ( Fig. 8) show trends similar to those of the maximum displacements. Fig. 9 shows the envelope along the plan of the maximum displacements obtained from the analyses for all the floors of the DV structure. It is possible to observe, as expected from design, that floor rotations obtained from the analyses are very little. Similar considerations as for Fig. 7 can be made with reference to the values of displacements from the seismic analyses and from the design. Furthermore it has to be noticed that the DV structure is characterized by lower reinforcement ratios in comparison with the EV one. So, as it was expected, the configuration which minimizes the eccentricity is more favourable also in terms of amount of steel used. It is worth mentioning that, since the gravity loads are applied to the frames in the X direction, the frames in the Z direction are not affected by the presence of the over-strength due to the gravity loads.
Conclusions
The aim of this research was to include in the displacement-based design the torsional behaviour of frame buildings with plan irregularity. An algorithm was proposed to consider this behavior, and its effectiveness was assessed. Two RC structures characterized by irregular configurations in terms of position of the frames in the plan were studied. One structure was designed allocating the same strength to the frames and obtaining strength and stiffness eccentricity. The other structure was designed in order to eliminate the strength eccentricity. The two structures were then studied by performing nonlinear static and dynamic analyses in order to check the design procedure.
The application of the design procedure resulted simple and useful and the iterations for accounting for plan asymmetry did converge rapidly. The algorithm involved an increase of base shear due to the torsional response of the structure characterized by the same strength of the frames. As a consequence of the increase of base shear, equal to 27% of the initial value, this structure required more reinforcement quantities. It is evident, therefore, the convenience of reducing as possible in the design phase the strength eccentricity. For both the considered structures a good correspondence between horizontal displacements estimated from analyses and design was found: the average values from nonlinear dynamic analyses resulted slightly lower than design values. A good correspondence between analysis and design was found also for the response of the different frames along the plan. The nonlinear dynamic analyses confirmed, as expected from design, the reduction of the effects of plan-asymmetry for the structure designed in order to eliminate the strength eccentricity, without significant modification of the values of displacements.
